The nucleon separation energies and shell gaps in nuclei over the whole nuclear chart are systematically studied with eight global nuclear mass models. For unmeasured neutron-rich and super-heavy regions, the uncertainty of the predictions from these different mass models is still large. The latest version (WS4) of the Weizsäcker-Skyrme mass formula, in which the isospin dependence of model parameters is introduced into the macroscopic-microscopic approach inspired by the Skyrme energy-density functional, is found to be the most accurate one in the descriptions of nuclear masses, separation energies and shell gaps. Based on the predicted shell gaps in nuclei, the possible magic numbers in super-heavy nuclei region are investigated. In addition to the shell closures at N = 184, Z = 114, the sub-shell closures at around N = 178, Z = 120 could also play a role for the stability of super-heavy nuclei. * wangning@gxnu.edu.cn
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FIG. 1. (Color online) Nuclear landscape. The black and green squares denote the stable nuclei
and known nuclei in AME2012 [32] , respectively. The dark yellow squares denote the theoretical predictions with the WS4 mass formula [16] . The gray solid lines denote the known magic numbers and the dashed lines denote the possible magic numbers in super-heavy region.
masses of known neighboring nuclei, such as the Garvey-Kelson relations [24] , the isobaric multiplet mass equation [25, 26] , the residual proton-neutron interactions [27, 28] and the image reconstruction technique (like the CLEAN algorithm [29] and the radial basis function method [30, 31] ). The main difficulty of the local mass formulas is that the model errors rapidly increase for nuclei far away from the measured nuclei. In Fig. 1 , we show the nuclear landscape. The green and dark yellow squares denote the known nuclei [32] and the predicted ones with the very recent WS4 mass formula [16] , respectively. The masses of about 5000 nuclei are still unknown and need the predictions (extrapolation) from the global mass models. It is therefore a great challenge for the global mass models to accurately describe the masses of all nuclei over the whole nuclear chart based on the measured masses of about 2400 nuclei to determine the model parameters. To test the reliability of the global mass formulas, as many as possible mass-related observables should be investigated.
Nucleon separation energies of nuclei not only are intimately related with the particle drip lines, but also provide helpful information on the magic numbers especially the shell closures in the super-heavy region and the shell evolutions in neutron-rich nuclei. As a measure of the discontinuity in the two-neutron separation energy S 2n at neutron magic numbers, the shell gap is a sensitive quantity to test the theoretical models [33] . In the WS4 framework, the accuracy of the WS formula is further improved by taking into account the surface diffuseness correction for unstable nuclei. The rms deviation with respect to essentially all the available mass data falls to 298 keV, crossing the 0.3 MeV accuracy threshold for the first time within the mean-field framework. It is therefore interesting and necessary to test the model from the shell gaps in nuclei. In this work, we will systematically investigate the nucleon separation energies and shell gaps in nuclei with eight different global mass models, including the FRDM [11] , HFB17 [17] , HFB27 [19] , DZ28 [23] , WS [13] , WS* [14] , WS3 [15] and WS4 [16] models. The paper is organized as follows: In Sec. II, the Weizsäcker-Skyrme (WS4) mass formula is briefly introduced for the reader's convenience. In Sec. III, the results about the two-neutron separation energies and shell gaps in nuclei will be presented and the comparisons between different models will be discussed. Finally, a summary is given in Sec. IV.
II. WEIZSÄCKER-SKYRME MASS FORMULA
In the Weizsäcker-Skyrme (WS4) mass formula [16] , the total energy of a nucleus is written as a sum of the liquid-drop energy, the Strutinsky shell correction and the residual correction,
The liquid-drop energy of a spherical nucleus E LD (A, Z) is described by a modified BetheWeizsäcker mass formula,
with the isospin asymmetry I = (N − Z)/A.
and
denote the Coulomb energy term and the symmetry energy coefficient of finite nuclei, respectively.
is a correction factor to the symmetry energy considering the surface diffuseness effect of unstable nuclei. Here, ε = (I − I 0 ) 2 − I 4 with I 0 = 0.4A/(A + 200) being the isospin asymmetry of the nuclei along the β-stability line described by Green's formula. The a pair term empirically describes the odd-even staggering effect. In WS4, the I 2 term in the isospin dependence of δ np is further introduced for a better description of the masses of even-A nuclei: 
Here, the mass dependence of the curvature is obtained from the Skyrme energy-density functional in which the influence of nuclear surface diffuseness and symmetry energy on the deformation energies of nuclei is self-consistently involved.
The microscopic shell correction is expressed as
Here, c 1 is a scale factor. f d denotes the corresponding correction due to the surface diffuseness,
E sh and E ′ sh denote the shell energy of a nucleus and of its mirror nucleus obtained with the traditional Strutinsky procedure by setting the smoothing parameter γ = 1.2 ω 0 and the Comparison of the correction terms adopted in the WS series models. "+" and "−" denote with and without the corresponding terms being taken into account, respectively. Here, the deformations of nuclei involved in the calculations are also listed for comparison.
Version Deformations
order p = 6 of the Gauss-Hermite polynomials. The |I| term in ∆E is to take into account the mirror effect [14] from the isospin symmetry.
The optimal values of the 18 independent model parameters listed in Table I are obtained based on the 2353 (N and Z ≥ 8) measured nuclear masses M exp in AME2012 and searching for the minimal rms deviation with respect to the masses
The rms deviation with respect to essentially all the available mass data falls to 298 keV with the WS4 formula, the best value ever found within the mean-field framework. In Table II, version WS3 and WS4, respectively.
III. RESULTS AND DISCUSSIONS
In this sections, we first systematically investigate the two-neutron separation energies of nuclei. Then, the shell gaps including the proton and neutron shell gaps will be studied with the eight global mass models.
A. Two-neutron separation energies
Based on the binding energies B(N, Z) of nuclei with neutron number N and charge number Z, one can obtain the corresponding two-neutron separation energy,
The rms deviations with respect to the 2123 measured S 2n from the FRDM, HFB27, DZ28
and To see the two-neutron separation energies of nuclei at super-heavy region more clearly, the comparison of the S 2n from eight different mass models is shown in Fig. 3 . sub-shell at N = 132 in the Ra isotopes, which implies that the single-particle potential adopted in the FRDM should be refined. Comparing with the FRDM, the two-neutron separation energies in Ra isotopes can be much better reproduced with the WS4 formula, which is probably due to the isospin dependence of the potential parameters being taken into account in the WS4 formula. In addition to the isospin-dependence of model parameters, some advantages of the WS4 over the other considered models may come from the fact that it was adjusted to more recent and more neutron-rich experimental data. Comparing with the results of HFB17, the latest HFB27 model gives better results for the Ra isotopes through re-adjusting the model parameters based on more measured masses.
B. Shell gaps in nuclei
In this work, the empirical shell gaps in nuclei are defined as the sum of the neutron and proton shell gaps based on the difference of the binding energies, 
In Table III, measured masses (N ≥ 8, Z ≥ 8) in AME2012, the line σ(S n ) to all the 2199 neutron separation energies S n , the line σ(S 2n ) to all the 2123 measured S 2n , the line σ(S p ) to the proton separation energies, the line σ(S 2p ) to the two-proton separation energies, and the last line σ(∆) to the 1689 measured shell gaps. For these mass models, the rms deviations with respect to the measured masses are about 600 keV to 300 keV. For the descriptions of the neutron and proton separation energies S n and S p , the rms errors of the microscopic Skyrme HFB models are relatively larger than those of the other models listed. In addition, we note that the rms deviation with respect to the proton separation energies is larger than that to the neutron separation energies, especially for the WS series models, which implies that some physics related to the protons in nuclei could be still missing in these mass models.
To explore the global trend of the shell gaps in nuclei, we show in Fig MeV of HFB17 to 0.725 MeV of WS4. The rms deviation σ(∆) is generally larger than the corresponding value of σ(S 2p ) by a factor of two for a certain mass model, which is due to that the shell gap is defined as ∆ = ∆ p + ∆ n and the model errors from both S 2p and S 2n affect the results.
In Fig. 6 , we compare the different mass models for the descriptions of the shell gaps in nuclei with magic number N = 82 and 126. The black squares denote the experimental data. The peak in the experimental data at Z = 64 as sub-shell closure can be reasonably well reproduced only by the WS series models. For the extremely neutron-rich nuclei around 122 Zr, the deviations of the shell gaps from these different models are very large. The shell gaps in nuclei around Z = 88, N = 126 from the HFB17 calculations are systematically larger than the experimental data by about 2 MeV.
To further check these global mass models for the description of sub-shell closure, we show the predictions of the shell gaps in nuclei with N = 152 from the eight models in Fig.   7 . The calculated cranked Nilsson levels [35] and the single-particle levels near the Fermi surface from the Woods-Saxon potential [36] and those determined from the experimental information suggest that there exist a proton gap at Z = 100 and a neutron gap at N = 152.
From Fig. 7 (a) , one sees that the uncertainties of the predicted shell gaps are quite large for the nuclei with N = 152 from the four different models (FRDM, HFB17, HFB27 and DZ28) and the peak in the experimental data at Z = 100 can not be distinctly reproduced.
Whereas, the results from the WS series models in Fig. 7 (b) are generally consistent with each other except the result of the WS model in which the mirror effect is not taken into account, and the sub-shell closure at Z = 100 can be evidently observed. In addition, the shell closure at Z = 108 can also be observed with the WS series models.
The same as Fig. 7 , we show in Fig. 8 the predictions of the shell gaps in nuclei with N = 184 from the eight nuclear mass models. From Fig. 8 (a) , one sees that the uncertainties of the predicted shell gaps are also quite large for the super-heavy nuclei with N = 184 from the four different models. Whereas, the results from the WS series models in Fig. 8(b) are highly consistent with each other due to the similar theoretical framework adopted.
According to the calculations of the WS series models, the sub-shell closures at Z = 92 and 120 can also be observed in addition to the two evident magic numbers Z = 82 and 114.
We also note that the sub-shell closure at Z = 92 can also be evidently observed from the To investigate the possible magic numbers in super-heavy nuclei, the shell corrections are simultaneously studied in addition to the shell gaps. In Fig. 9 , the shell gaps and shell 
IV. SUMMARY
Based on eight different global nuclear mass models with accuracy at the level of 600 keV to 300 keV, the two-neutron separation energies and shell gaps in nuclei have been systematically investigated. We find that:
• The sudden decrease in the two-neutron separation energies S 2n at the known magic numbers is evident according to the predictions of all the eight mass models.
• The fluctuations in S 2n are relatively large from the microscopic Skyrme HFB calculations, and the fluctuations at the region N ≈ 200 from the FRDM are also large.
• The nuclei with sub-shell closure can be well identified in addition to the known magic nuclei based on the extracted shell gaps from the data and the predictions from the macroscopic-microscopic mass models.
• The observed sub-shell closure at Z = 64 and Z = 100 from the experimental data can be reasonably well reproduced only by the WS series models, and the experimental data do not indicate the appearance of an evident sub-shell at N = 132 in the Ra isotopes.
• The rms deviation with respect to the proton separation energies is larger than that to the corresponding neutron separation energies, especially for the WS series models, which might imply that some physics related to the protons in nuclei could be still missing in these global mass models.
• All eight models predict that N = 184 is a neutron magic number from S 2n and the shell gaps. According to the calculations of the WS series models for super-heavy nuclei with N = 184, the sub-shell closures at Z = 92 and 120 can also be observed in addition to the two evident magic numbers Z = 82 and 114.
• The shell closures in 208 Pb and the deformed doubly-magic nucleus 270 Hs can be unambiguously observed from both the shell gaps and the shell corrections, whereas for the nucleus 298 Fl with possible shell closure according to the large value of the shell gap, the corresponding shell correction is smaller than that of its neighboring nucleus 296 120 by one MeV due to the influence of sub-shell closures at N = 178 and Z = 120
according to the predictions of the WS4 formula.
